To calm the inflammatory storm, tocilizumab (TCZ) has been used in the treatment of moderate-to-severe Covid-19 pneumonia by targeting interleukin-6 receptors (IL-6Rs) and reducing cytokine release [@bib0060]. Yet, despite the optimal management of Covid-19 infection with treatments including TCZ, the pooled rate ratio for diabetes patients with adverse disease courses vs. those with more favourable courses was 2.26 [@bib0065].

An important factor in any infection outcomes in patients with diabetes may be glucose control [@bib0065]. Indeed, hyperglycaemia is associated with higher levels of IL-6 and IL-6Rs [@bib0070], both of which are predictors of severe lung disease in Covid-19 patients [@bib0060]. However, at this time, there are no data on the effects of TCZ on outcomes in hyperglycaemic Covid-19 patients with moderate-to-severe respiratory illness. To investigate this unresolved need, 475 Covid-19-positive patients, admitted to infectious disease departments (University of Bologna, University Vanvitelli Napoli, San Sebastiano Caserta Hospital) in Italy since 1 March 2020, were retrospectively studied. The study protocol was approved by the Ethics Committees of the relevant Institutional Review Boards.

The diagnosis of Covid-19 was established according to World Health Organization (WHO) interim guidance and confirmed by RNA detection of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in the hospitals' microbiology laboratories. Of the consecutive patients receiving TCZ therapy for moderate-to-severe respiratory illness due to Covid-19 pneumonia, only 78 were further evaluated because of severe outcomes, encompassing both the use of mechanical ventilation and death. The remainder of the study population, which failed to meet this inclusion criteria, was thereafter excluded from the study analysis.

TCZ was administered to all patients as an intravenous (IV) infusion in doses of 8 mg/kg, using a prefilled syringe, up to a maximum of 800 mg per dose, with an additional dose 8--12 h later if clinically required. A total of 31 (39.7%) hyperglycaemic and 47 (60.3%) normoglycaemic Covid-19-positive patients (blood glucose levels ≥ 140 mg/dL at admission and during their hospital stay) were evaluated [@bib0070]. Of these, 20 (64%) hyperglycaemic and 11 (23.4%) normoglycaemic patients had diabetes (*P*  \< 0.01; [Table S1; see supplementary material associated with this article online](#sec0020){ref-type="sec"}). Diabetes was diagnosed according to the evidence of fasting plasma glucose (PG) ≥ 7.0 mmol/L (126 mg/dL) or 2-h PG ≥ 11.1 mmol/L (200 mg/dL) and by a patient history of known diabetes and use of antidiabetic drugs [@bib0075]. Admission glucose levels were 187 ± 48 mg/dL vs. 103 ± 23 mg/dL (*P*  \< 0.01) in hyperglycaemic vs. normoglycaemic patients, respectively. During hospitalization, mean glucose levels were 157 ± 15 mg/dL vs. 122 ± 12 mg/dL (*P*  \< 0.01) in hyperglycaemic vs. normoglycaemic patients, respectively.

In the study population, there were no differences in the treatment used to control hyperglycaemia, as all patients admitted to hospital were receiving insulin therapy while all hypoglycaemic drug treatments were stopped. In addition, subcutaneous insulin was begun at the time of admission in all hyperglycaemic patients with or without a previous diabetes diagnosis: short-acting insulin was given before meals; and intermediate or long-acting insulin in the evening. Patients with previous diabetes diagnoses at admission stopped taking oral antidiabetic drugs, including metformin, sulphonylureas, dipeptidyl peptidase (DPP)-IV inhibitors, sodium--glucose cotransporter-2 (SGLT2) inhibitors and glucagon-like peptide (GLP)-1 receptor agonists.

At admission, higher IL-6 levels were found in hyperglycaemic patients that persisted even after TCZ administration ([Fig. 1](#fig0010){ref-type="fig"} A). Also, in the risk-adjusted Cox regression analysis, TCZ in hyperglycaemic patients failed to attenuate the risk of severe outcomes as it did in normoglycaemic patients (*P*  \< 0.009; [Fig. 1](#fig0010){ref-type="fig"}B). Moreover, Kaplan--Meier analysis showed that hyperglycaemic patients without a diabetes diagnosis had an increased risk of severe disease compared with both normoglycaemic and hyperglycaemic patients with a previous diabetes diagnosis ([Fig. S1; see supplementary material associated with this article online](#sec0020){ref-type="sec"}).Fig. 1All patients were treated with intravenous (IV) infusions of tocilizumab (TCZ) at doses of 8 mg/kg, whereas seven (22.6%) hyperglycaemic patients and five (10.6%) normoglycaemic patients received two TCZ IV infusions (*P* = 0.134). Mean ± standard deviation (SD) age was 65.7 ± 13.4 years in hyperglycaemic and 66.6 ± 12.2 years in normoglycaemic patients (*P* = 0.662), and 21 (61.8%) hyperglycaemic and 34 (72.3%) normoglycaemic patients were male (*P* = 0.425). Median time from illness onset (before admission) to discharge or death was 17.6 ± 7.2 days in hyperglycaemic and 18.1 ± 6.6 days in normoglycaemic patients; 19 (61.3%) hyperglycaemic and 26 (55.3%) normoglycaemic patients had hypertension (*P* = 0.388); 10 (32.3%) hyperglycaemic and seven (14.9%) normoglycaemic patients had dyslipidaemias (*P* = 0.063); and six (19.4%) hyperglycaemic and 15 (31.9%) normoglycaemic patients were smokers (*P* = 0.168). Mean hospitalization glucose levels were calculated as the means ± SD of all daily glucose blood values (2nd, 3rd, 4th, 5th, 6th day ...). There were no significant differences in blood pressure, creatinine and troponin levels in hyperglycaemic vs. normoglycaemic patients. All patients were treated, as per the standard protocol for antiviral treatment, with TCZ and hydroxychloroquine. (A) Boxplots of interleukin-6 levels (ELISA kits, R&D Systems, Minneapolis, MN, USA) before and after TCZ therapy in hyperglycaemic and normoglycaemic patients show medians, 25th and 75th percentiles, and range. \**P* \< 0.05 vs. before TCZ administration; ^§^*P* \< 0.05 vs. normoglycaemic patients. (B) Risk-adjusted Cox regression analysis curves show rates of survival with severe disease over up to 18 days for Covid-19 patients stratified by hyperglycaemia vs. normoglycaemia. Cox models were adjusted for body mass index, age, gender, blood pressure, heart rate, total cholesterol, high-density (HDL) and low-density (LDL) lipoprotein cholesterol, triglycerides, troponin, heart disease, hypertension, dyslipidaemia, current smoking, and use of beta-blockers, angiotensin-converting enzyme (ACE) inhibitors, calcium inhibitors, thiazide diuretics and aspirin. All statistical analyses were performed using SPSS for Windows version 23.0 software (IBM Corp., Armonk, NY, USA). Two-sided *P* \< 0.05 was considered statistically significant. HR: hazard ratio.

These data are in agreement with previous observations by Capes et al. [@bib0080], who found that patients without diabetes, but with stress hyperglycaemia on admission for acute myocardial infarction, were at greater risk of in-hospital mortality than patients previously diagnosed with diabetes. Several possible mechanisms may explain this observation. Patients with diabetes are more likely to receive insulin and/or oral antidiabetic drugs for hyperglycaemia before and during acute illness [@bib0080], and such treatments may reduce the rise in free radicals and inflammation, and also decrease coagulability because of a reduced production of plasminogen activator inhibitor type-1 (PAI-1) activity and proinsulin-like molecules [@bib0085]. On the other hand, higher IL-6 serum levels may blunt the effects of TCZ in hyperglycaemic patients as per numerous observations.

Initially, severe Covid-19 patients might experience cytokine release syndrome (CRS), a negative prognostic factor for survival in such patients [@bib0060], [@bib0065], [@bib0090], [@bib0095]. CRS damps down type-1 interferon (IFN) responses in airway and alveolar epithelial cells, thereby allowing rapid viral replication while also attracting an excessive number of inflammatory monocytes/macrophages, neutrophils, dendritic cells and natural-killer (NK) cells into the lungs [@bib0090]. As a consequence, the result could be an overactivation of innate responses through a cytokine-driven vicious cycle [@bib0095]. In addition, pulmonary injury might be assisted by diffuse alveolar damage, dysregulated coagulation and pulmonary fibrinolysis due to the overwhelming presence of proinflammatory cytokines and chemokines [@bib0095]. Furthermore, CRS could leak into the systemic circulation to cause extrapulmonary manifestations and a multiple organ dysfunction syndrome (MODS) [@bib0095].

In addition, it may be that hyperglycaemia impacts different components of the host response, including immune cell function and cytokine regulation [@bib0070]. Interestingly, serum concentrations of proinflammatory cytokines, including IL-2 receptors (IL-2Rs), IL-6 and tumour necrosis factor (TNF)-α, were increased in the majority of severe cases and were markedly higher compared with moderate cases, suggesting that cytokine storms could be associated with disease severity [@bib0095]. Similarly, SARS has also been characterized by exuberant inflammatory responses and lung damage [@bib0095]. A previous study, using a mouse model of SARS, demonstrated that the rapid kinetics of SARS-CoV replication and a delay in type-1 IFN signalling promoted inflammatory monocyte/macrophage accumulation, resulting in elevated lung cytokine/chemokine levels, vascular leakage and suboptimal T-cell responses [@bib0095].

In the present study, hyperglycaemic patients presented with higher IL-6 levels compared with normoglycaemic patients. Moreover, at admission, higher PG levels were associated with higher plasma IL-6 levels and, despite full therapy for Covid-19 infection, hyperglycaemic patients presented with higher levels of IL-6 than normoglycaemic patients during hospitalization. Thus, elevated blood glucose may itself trigger an inflammatory response leading to severe Covid-19 disease and death.

Intriguingly, IL-6 is one of the key cytokines in CRS, with a central role in acute inflammation, autoimmune cell differentiation and human metabolism [@bib0090], [@bib0095]. In addition, IL-6 promotes T-cell population expansion/activation and B-cell differentiation, and also regulates lipid metabolism and insulin resistance leading to systemic organ damage [@bib0095]. In this setting, TCZ through its targeting of the IL-6 pathways is a blocker of the IL-6 signal transduction pathway and can be used in patients with severe Covid-19 [@bib0095]. Notably, based on a previous study conducted in patients with rheumatoid arthritis, TCZ efficacy was shown to be inversely proportional to baseline IL-6 levels [@bib0100]. Moreover, in Covid-19 patients, TCZ treatment led to a significant decline in inflammatory markers, with radiological improvement and reduced ventilator support requirements [@bib0105]. Ongoing clinical trials are currently evaluating the safety/efficacy effects of TCZ according to screening and monitoring parameters [@bib0110].

The present study has demonstrated that hyperglycaemic patients had fivefold higher IL-6 levels than normoglycaemic ones at the time of hospital admission. Interestingly, when IL-6 levels were added to the Cox regression model, the significance of the TCZ effect was lost (*P*  \< 0.07). Therefore, hyperglycaemia might be seen as a metabolic marker of IL-6 overproduction [@bib0070], and could be a precondition of baseline overexpression of IL-6, as reflected by TCZ effectiveness and the poorer prognosis of severe Covid-19 patients. However, the lack of glycosylated haemoglobin (HbA~1c~) values for our study population according to patients with vs. without type 2 diabetes (T2D) could be a limiting factor, as it does not allow any conclusions to be drawn concerning hyperglycaemia causes and effects in patients without T2D. Moreover, hyperglycaemia may be a reflection of either unknown (but still present) diabetes or a marker of more severe infection in a stressful condition (such as respiratory distress or hypoxia).

When taken together, our present observations indicate that optimal Covid-19 infection management with TCZ could be not achieved during hyperglycaemia in both diabetic and non-diabetic patients. Thus, these data may be of interest to ongoing clinical trials of TCZ effects in Covid-19 patients and the optimal control of glycaemia in this patient subset.
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Fig. S1Kaplan--Meier analysis shows survival rates without severe disease during follow-up of normoglycaemic patients without diabetes (green), normoglycaemics with diabetes (yellow), and hyperglycaemics with (violet) and without (red) diabetes. Survival rates free of study outcomes were higher in normoglycaemics without vs. with diabetes (*P* \< 0 01), normoglycaemics with diabetes vs. hyperglycaemics with diabetes (*P* \< 0.05), and hyperglycaemics with vs. without diabetes (*P* \< 0.01).

Supplementary data associated with this article can be found, in the online version, at [https://doi.org/10.1016/j.diabet.2020.05.005](10.1016/j.diabet.2020.05.005){#intr0005}.
